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THE ENERGY ASPECT OF THE MECHANISM OF ENZYME ACTION

Jacques. Tonnelat,
Laboratory of Physicochemical Biology, South Paris Unlversity

In order to explain the efficiency with which enzymes /21%
catalyze reactions whose rate in the absence of these enzymes
would be zero, at least according to our methods of investigation,
frequently a systematic attempt is.made to determine the mysterious
property which enables them to "lower the activation energy
barrier." This approach to the problem has a basic flaw in that
it Implicitly postulates a given type of mechanism and masks the
significance of an essential characteristic of catalytic reactions,
namely that such a reaction:always occurs in several steps. Now,
it is easy to show that merely breaking a reaction down into
several steps 1s sufficlent to accelerate 1ts rate considerably
for a single level of activation energy furnished to the total
reaction, but the importance of this finding,. which is fairly
obvious [1], is not generally recognized. The:present discussion
is Intended to show that it is impossible to consider that an
enzyﬂe decreases the total quantity of activatlon energy to be
furnished in sufficient proportions to explain its high catalytic
capability, and that the primary function of an enzyme is to
coordinate a series of reactions.

Principal Factor Limiting the Rate of & Reaction

It 1s necessary to begin by reviewing the reason for which
the rate of an exergonic reaction is not limited solely by the
total number of encounters of molecules capable of reacting. An
explanation for the ineffectiveness of most encounters was found

¥ Numbers in the margin indicate pagination in the foreign text.



the rates of reactions with temperature, The theory based on this
€Xplanation was subsequently constructed by Eyring [3], who,
developing an idea proposed by Marcelin [4], extended i1t to both
directions of a reaction and termed it the "theory of absolute
rates." This theory led to: a change in the expression for

the rate constant of the reaction given by Arrhenius, without
altering the basic initial concept.

It 1is acknowledged that for an encounter between molecules
to be effective, these molecules must possess a glven quantity of
energy which may be manifested by a high value of interaction
energy between an electron and an atom, vibration energy for two
atoms, translation or rotation energy, or, most frequently, energy
in several of these different forms at once. In general, the
molecules may be assumed to be distributed among the different
energy levels accessible to them accordlng to the Maxwell-
Boltzmann law: almost all of them are at the lowest level corres-
ponding to the temperature of the whole, termed the "fundamental
level." Without exception, two molecules must be at a higher
level in order to react with each other. 1In studying the rate of
a reaction one does not observe the individual behavicr of the
molecules, and only statlstical averages may be taken into con-
sideration. The absorption or release of energy resulting from
changes in the distribution of atomé among the various levels and
forms of energy must be taken into account, when these changes
result from variations in the number of complexings available -
to the atoms, or, in other words, variations in their entropy.
The number of complexings avallable 1s especially important,with regard - /22
to the probability of favorable orientation of each of the reac-
tant particles in relation to each other and the angle of their
trajectories at the moment of encounter. As a result, one is led to
the conclusion  that in order for molecules to react, they must
be brought to a level of free energy higher than the fundamental

level; or for biochemical reactions, to a higher level of free



enthalpy, since these reactions almost always occur at atmospheric

Pressure, which is virtually constant.

Molecules which at least

possess the additional energy necessary in order to react are

termed "activated."

The difference between the fundamental level

and the level of the activated molecules, normalized to 1 mole

at unit activity in the fundamental stafte and in the active state,

is termed the free enthalpy 6f activation, AG*

It is stated

that molecules capable of reacting with each other must cross

this

reaction.

"energy barrier"

Xy 2z

b complexe de

transition

d variable de réaction

Fig. 1. ©8chematic representa-
tlion-.of .the passage of reactant
molecules to the transition
complex state by acquisition
of free enthalpy of activation,.
The upper part of the figure
represents a diatomic molecule
exchanging one of its atoms
for a free atom, since this
example 1s examined later on.
However, the graph represent-
ing the wvarlations in energy
level of the reactant sub=
stances as a whole 1s valid
for all cases.

Key: a. "Initial" state;
b. Transition complex; c.
state; d. Varilable of reactlion

"Final"

in order to yield the products of the

The free enthalpy of
activation for some reactions
may be supplled to the
These
reactions thus fall within

molecules by photons.

the category of photochemical
However, 1t must
be noted that, in the direction

in which the reaction is

reactions.

exergonic, the electromagnetic
wave furnishes only the free
energy necessary for the
molecules to cross a "barrier"
and that this energy will be
returned to the environment

at the end of the reaction.

In most cases, the
activation energy 1s acquired
by a molecule fortuitously
during collisions with other
molecules provoked by Brownian

agitation. The aleatory



exchanges of energy between molecules generate continual fluctua-
tions in the distribution of thermal agitatlon energy among:

the molecules. At the ambient temperature, these fluctuations are
not adequate to change the energy level of an electron (the
corresponding energy quantum, which is on the order of 30 kecal,

1s too hilgh), with the result that the energy fluctuations of

the molecules involve only their translational and angular velocel-
ties and the amplitude of vibration of their atoms. On an

initial approximation, the proportion of molecules 1oc$ted at a
level of thermal agitation energy at least equal to AGT, per mole,
above the fundamental level is e‘AGinT, where R is the ideal
gas constant and T the absolute temperature. The theory of
absolute rates informs us that the rate constants kj and k_7 in
either direction of a bimolecular reaction are given by the

equations:

and gt -84
ky = (1—w)-——¢ AT

where k 1s the Boltzmann constant, h the Planck's constant and

k- a factor termed the ftransmission factor. k 1s the proportion

of transition complexes which fall below the "activation" energy
level in the final state; k may thus be assumed to be between

0 and 1. Since the chances are equal that any given transition complex
will reproduce the original subsfances as that it will yield the final pro-
ducts, k here willqbe equal to 0.5 (rather than 1, which is the
appropriate value when the factor 2 is not disclosed). .

Free activation energies are always counted positively,
no matter what the direction of the reaction may be, since they
always correspond to a change from a fundamental state, whether it
is "initial" or "final," to an actilvated state.



+ +

AG1+ and AG_;* are normalized to the unit activity of the
constituents; as a result thelr difference is equal to the stand-

ard free enthalpy variations of the reaction, 4G (Fig. 1).

It may be seen that the rate constant in one direction is
independent of the activation energy of the reaction in the op-
posite direction. This is the reason for which the theory was /23

termed the "theory of absclute values."

The following table gives these values in round numbers for

LR L .—AGi/RT o . i
the factor € at 20°C for a series of values AGT expressed
in kilocalories.
AG* 1 5 - 10 15 20 25 30 35 !
—§£l£x1w 2 s 104 4,1 x 10 8,3 > 102 1,7 > 10 Mbdwﬁ7x1W'1Axw${

e nT

It+may be seen that this factor decreases extremely quickly as
AGY increases. The rate of a reaction diminishes very rapidly as
the free enthalpy of activation increases and becomes negliglble
for approximately 30 kcal, despite the high value of the factor
kT/h (nearly 6-1012 sec™ at 293°K).

The value of the free enthalpy of activation in one direc-
tion, from left to right, for example, may be derlved directly
from the equations given above by replacing kl with the rate
constant k determined experimentally under conditions in which the
rate of the reverse reaction 1s negligible.

Most reactions which occur in living things would be much too
slow to support life at the temperatures prevalent on the earth
if they were not considerably accelerated by extraordinarily
efficlent catalyzers, the enzymes. Attention should be drawn to
the fact that, as a catalyst, an enzyme remains intact at the end



of the reaction; consequently 1t cannot have furnished any energy
to the reaction in a definitive sense,

Before attempting to explain the mechanism of enzyme action,
it is first necessary to know why molecules rust be supplied with
energy in order to reatct. Only when we know the exact use of
this energy can we hope to understand the role played by an
enzyme. This guestion 1s relatively easy to answer in the case of
a diatomic molecule exchanging one of its atoms for a free atom

(Fig. 1) according to the diagram:
X + YZ € XY + 2.

Eyring considered the simple case in which the three atoms
are hydrogen atoms in a gaseous state. This example subsequently
appeared to ralse some problems since the transmission factor
involved must be extremely small. Here only the qualitative
aspect of Eyring's reasoning will be retained, since this aspect
was not called into question. There will be no attempt to stipu-
late the nature of the atoms, assuming only that molecules XY and
YZ are stable, but molecule XYZ is not, and, in order to
simplify the discussion, that the charge of Y is of opposite sign
to those of X and Z, with the result that no activation energy
need be supplied to form bonds between X and Y or Y and Z.

When the vibration energy of the bond in the molecule YZ has
a value which statistically corresponds to its fundamental thermal
agltation level at the temperature of the medium, assumed here to
be the level of origin, the amplitude a, of the relative vibra-
tions of the two atoms 1s siight (Fig., 2). The two atoms may be
separated from each other only if a considerable force is exerted
on them, while they will separate spontaneocusly 1f they are



brought to the level Wy, Additionally, at this temperature, the
translation energy of most of the molecules and atoms is too low
for the electron clouds to interpenetrate, during a collision be-
tween a molecule and an atom, to the point where a bond is trans-
ferred from one atom to another. (Cleavage of the existing bond
and the establishment of a new bond thus necessitates that all
three of the reactant atoms reach a higher energy level than the
fundamental level, which may occur as the result of aleatory
collisions. It may be demonstrated that the work required for
the removal of the bonded atoms and the approach of the isolated
atom is minimum when the three atoms are alighed (Fig. 1). An
accldental separation of the YZ nucleil as a result of the chance
acquisition of vibration energy greater than the average will
facilitate an initial approach of X and Y as the result of

/24

the chance acqulsitlon of a relative translational velocity which is

properly oriented, reciprocal, and higher than the average. If
the energy level of all three atoms is adequate, they may reach
the "activated complex" or "transition complex" state. In this
state, the interactions between the nuclei and electrons of atoms
X and Y are exactly equivalent to the interactions between the
nucleli and electrons of atoms Y and Z. The three atoms do not
form a molecule because this state 1s unstable, and the system
elther returns to its previous state or enters a new state. Here
for a unit activity an amount of energy is released which, in the
first case, is exactly equal to that which had to be acquired by
atom X and molecule YZ to form+the aetivated complex from the
fundamental state, that is £G1+, and in the second case, 1s

equal to AGli + AGO = AG_1+,'the free energy necessary to bring
the "products'" of the reaction, XY and Z, to the %ransition com-
plex state, This simple example clearly demonstrates the
necessity for a temporary acquisition of energy and the use made
of this :energy to overstrain the bond between Y and Z and

facilitate the interpenetration of the electron clouds of X and Y.



Fig. 2. DMorse curve repre-
senting the mutual energy of
two bonded atoms. The ab-
scissa represents the dis-
tance between the two nuclei,
and the ordinate represents
thelr energy level adjusted
to an arbitrary level (here,
the lowest level at the tem-
perature of the medium).

The a factors are the am-
plitudes of vibration of the
two atoms in relation to
cach other at the corres-
pondlng energy level,

One may also consider the
case of this process occurring
in two steps: the decomposi-~
tion of melecule YZ into two
indlvidual atoms during an
initlal stage 1s subsequently
followed by the combilnation of
Y with X. In this.case, the
activation energy wlll be the
energy necessary to raise the
vibration energy to the level

W this energy may be obtained

H
ozly by the thermal agltation
of atoms YZ alone. Once atom
2 has been released, atom Y is
able to form a bond with
atom X as socon as it encounters
thls atom. In this case, the
nature of the reaction requires
melecule YZ to use fluctuations
in its thermal energy to cross
a higher energy barrier than

that which was sufficient when

atom X was also contributing energy.

A comparison of the two processes clearly shows that the

activation energy in the first process 1s equal fto the energy

necessary to overcome the attraction between the two atoms, which

have lost the energy released by a concomitant related event:

here, the translation energy resulting from a fortuitously high

relative véloclty for the two reacting éntitites.

Other cases should be considered, including those in which

the energy may be furnished by the attraction of opposite signs



for the two atoms approaching each other and, on the other hand,
those in which an energy of "activation™ may be necessary to
permit an interpenetration of electron clouds, which would have
nocchance of occurring spontaneouslyrin the fundamental state.

The situation is usually extremely complex and is virtually
impossible to analyze, since the two atoms exchanging a third

a re bonded to other atoms and each undergo a number of interactions.

In any case, the forces exerted between two atoms are always
of electrostatic origin, even when they are expressed mathematical-
ly by "exchange energy" terms.

In order for-a reaction to occur, it will thus be necessary
1n all cases that the electrostatic interactions existing within
molecules in a fundamental state be overcome, The activation
energy will be the energy necessary to obtain this result, with
subtraction of the energy which may simultaneously arise from
other interactlions and the thermal agitation of the.molecules
brought into play 1n the fundamental state. When the energy re-
guired 1is greater than the energy which may be furnished on the
average by simultaneous phencmena, most of the molecules will
remain in the 1Initial state. Reactlons will occur only among
those few molecules which undergo a fluctuation in their thermal
energy which increases the vibration energy of the bonds involved
and the translation energy of the molecules to the point that they
enter a state of stable equillbrium between bonds being broken

and belng being formed: the transition state.

It 1s not known if there is an equal probability that the
transition complex wlll move toward a new atomic state or, on
the other hand, wlll return to the initial state. This is why the
transmission factor k 1s intrecduced into the expression for
rate constants.



In the case of atoms of hydrogen gas, it has been computed /25
that if these atoms are at the energy level corresponding to the
formation of the transition complex, the probability that two
atoms encountering each other will form a hydrogen molecule 1s
extraordinarily small, since the life of the transition state 1is
less than that of an interatomic vibration. Under these condi-
tions, the transitdon coefficlent is extremely small. Thils
phenomenon may easily be understood 1f one observes that at the
temperature of dilssociation of the hydrogen molecule, which of
course is greater than the "temperature" of the transition complex,
in practice two atoms encountering each other do not recombine,
since the molecule formed immediately dissoclates. However, as
Glasstone and colleagues have pointed out [5], when a reaction
bccurs, on the average, at ordinary temperatures, which are much
lower than the bond dissociation temperature studled in bioéhemistry,
and when it additionally occurs in sclution, the relative shifts of
the mean positions of the atoms are very slow to occur in com-
parison to the vibrational movements of those atoms forming bonds.
Under these conditions, the Eyring theory may be applied without
restriction, and all the transmission coefficients may be assumed
to have a value of 1/2.

In the general case, the problems involved in determining the
nature of the work required by a momentary demand for energy,
whileh subsequently will be restored in an exergonic reaction, are
much more complex than in the case of three atoms examined above,
We will consider the relatively simple case of a hydrolysis
reaction, that of the peptide bond. The advantage of considering
hydrolysis 1s that the expressions for the kinetic constants are
simplified, since it may be assumed that the activity of the
water remains constant and equal to unity. This makes it possible
to omlt thils magnitude from the formulas, making them less
cumbersome,

10
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Generally, only the stlochiometric ecuation expressing the
hydrolytic balance is written:

H ‘ ' |
I
oo —C—N— ... + HO. (1)
1 .
0
z==> ... —COOH + NHy— ...

If the reaction actually followed this simple process, due
to the short life of the excited states of the molecules, it would
be necessary that .the weakening of the bonds occur appreciably
at the same time as the interpenetration of electron.clouds. In
other words, the activation energy necessary for several
operations belonging to the types considered above must be fur-
nished by Brownlan agitation virtually at the same instant. The
series of events may thus be represented by the diagram gilven in
Fig. 3. There must simultaneocusly be weakening of the ... C-N ...
and H-OH bonds accompanying the gradual separation of the C and N
atoms and the H and O atoms, and the approcach of C and
0 atoms as well as N and H atoms, despite the repulsion of the
electron clouds, until the point.-when a "transition complex"
is formed. The chances will be equal (for «x v 0.5) that this com-
plex will yileld peptide and the water molecule once again as that
it will yield the products of hydrolysis. In this simplified
diagram, there is only one way to pass from the initial state to
the flnal state, and thus only one transiflicon state; in order for
the molecules to attain this state they must acquire a given level
of activatlion energy all at once.

The electrostatic work necessary to separate or bring
together two charges depends only on their initial and final dis-
tances from each other; it is 1ndependent of the path used.

The 1ntervention of an enzyme cannot decrease the work of this
type to be furnlshed in order for the molecule to shift from the

11



Fig., 3. Schematic representa-
tion of the formation of a
transition.complex during
hydrolysilis of a peptide bond.
Only atoms directly involved
in the reconstitution of the
bonds are shown. For the sike
of clarity, the atoms are
represented by circles whose
radius is 1/2 the van der
Waals radii. The intact

water molecule and peptide
chaln are on the left; the right
slde of the flgure shows the
ends of the two fragments
formed; and the center shows
the transition complex 1n
which the interactions between
the four atoms ihvelved reach
equilibrium. The latter
situation is unstable.

be that the work will have been furnished 1In two steps.

- fundamental state to the transi-

tion complex state at the
outset, in accordance with the
process represented by the

diagram in Fig, 3.

Posslble Roles of an Enzyme

It is possible to weaken
electrostatic attraction or
repulsion by a suitable arrange-
ment of electrical charges in |
the vieinity of the atoms

involved. Less energy is

™~
no
(@2

therefore necesgssary to overcome

these interactions, but the
weakening of these interacflons
will have required an amount of
work exactly equal to the work
The only difference will
It may

saved.

be asgsumed that oner.6f the roles of the enzyme is to bring about
a new distribution of charges which facilitates reconstltution of

the molecules necessary for hydrolysis.

First, however,

accomplishing this new distribution willl require at least the

amount of energy which subsequently wlll be saved, and

second,

as soon as a new molecule is 1Involved in the reaction

the diagram given in Fig. 3 no longer appliles.

The first observation which may be made is that the number of

reacting particles involved in the reaction is increased by one.
It was noted above with reference to the substitution of one atom

for another in a hydrogen molecule, that the molecule may dis-

soclate more easily as a result of an encounter with an individual

12



atom. This is because for a given average level of thermal agi-
tation, the fact that the energy may be furnished by two different
reacting entities entrains the necessity for each of thém (ac-
ftually, only the molecule in the example selected) to be raised

to an energy level as high as if the molecule were unbonded; that
1s, the level of free enthalpy of each type of molecule, normalized
to 1 mole, may be much lower. When a reaction is catalyzed by an
enzyme, one must take .. into consideration the aleatory excess
energy which may be contributed by this additional type of mole-
cule, This contribution ds not negligible, since the enzyme
molecule has as great a chance of reaching a high energy level as
each of the substrate molecules. However, the additional thermal
agitation energy due to the intervention of the enzyme can have an
influence only during fixation of the initial substrate on the
enzyme. Now, 1In cases where it could be determined, this energy
of activation was found fto be-relatively small in relation to

that required by other steps. As a result, although this effect
cannot be overlcoked, it does not appear to be a determining

flactor.

The possibility of a momentary concentration of the thermal
agitation energy of the enzyme on the bond to be broken is some-
times cited as an explanation for the high catalytic capability
of enzymes. In general, when a molecule acquires an energy
supplement as the result of a collision, statistically this energy
supplement is distributed equally among the vibration energy of
its bonds, its energy of translation and its energy of rotation.
(At ordinary temperatures, this energy supplement 1s always too
slight to change the energy of the electrons.) However, at any
given Instant the energy is not equally distributed among the
various degrees of freedom and, for the energy of vibration, among
the various bonds. A high level of momentary translations
energy will facilitate the approach of molecules with charges of
the same sign; the acqulsition of high energy of vibration by a

13



bond may facilitate its cleavage when it is already subjected to
the influence of another molecule. One can see the possibility
that, in a large molecule such as a protein, the breadth of
fluctuations in the distribution of energy among the different
parts of a single molecule might become considerable, In addition,
a specific structure (which furthermore is not identified) would facilitate
the confinement of a large part of the agitation energy

of an entire enzyme within a specific bond in the .substrate which
it has fixed. If this supposition were confirmed, it would help
explain why enzymes are always large molecules; however, no

precise observations have been furnished to support this theory.
Furthermore, no data are available on the breadth of the fluctua-
tions of Brownian energy in proteins. This theory poses intriguing
problems, but at our current state of advancement it remains too
gquestionable to be cited as an important factor in the effective-

ness of enzymes.

Another reason presented for the catalytic power of enzymes
is the effect of reciproecal orientation which they dmpose on the
two substrates which are to react with each other [6]. This ef-
fect undoubtedly exists, but taking it into account only begs
the question, slnce 1t presupposes a solution for the problem of
the orientation of the substrates in relation to the enzyme prior
to thelr fixatlon.

E. Pollard:/[7] has examined the possibilities for favorable
reclprocal orientation of two random molecules, each possessing a
reactant site. Desplte the simplifications which he found
necessary, the fact emerges from his analysis that there is a goecd
chance that the molecules willl orient themselves favorably in
relation to each other as a result of Brownian movement of rota-
tion during the time they remain within the range of van der Waals
attractions, which they exert on each other, despite the
Brownlan movement of translation. In addition, the circumstances

14



must be more favorable than is indicated by the numerical values
pointed out by this investigator, since the macroscopic diffusion /27
constant, which he was- forced to take into considera-

tion since it is the only measurable quantity, is dependent on the
mean displacement of the molecules over a large distance and does

not take into account the "cage'effect," which tends to keep two
molecules in contact in a fluld as long as one of them does not

leave an opening by scattering the molecules in the medium in

order to move away from the first molecule.

When a reaction between two types of molecules in the presence
of a catalyst 1s compared with that which would oceur in the
absence of a catalyst, the first point which should be noted, even
though it 1s obvious, is that two completely different reactions
are  actually involved. Earlier we have had occasion to observe
that the enzyme becomes bonded to one of the substrates, which
implies the fact that an enzymatic reaction occurs in several steps,
while we 1nitially attempted to treat our example of a hydrolytic
reaction as a reaction with only a single phase: passage of the
molecules involved from a fundamental state Into a single transi-
tion state from which they either return to the initial state or

proceed to a final state.

In the hydrolytic cases which it was possible to analyze,
the process was always found to be relatively :complex. Either the
water is already dissociated and the C and N atoms of the peptide
bond are in the presence of HY ions, or rather, H3+O, or a high
concentration of OH ions; or: the hydrogen atom 1s surrendered
to the nitrogen by a molecule serving as intermediary (Fig. 4).
The dlssociation of the water molecule, which necessarily dis-
appears, 1is not directly linked to the cleavage of the peptide
bond and does not necessarlly occur at the same time as this
cleavage. Since equation (1) gives a correct account of the balance
of the reaction, the same bonds definitely must be broken or



Fig. 4. Schematic repre=
sentation of relative dis-
placement of atoms actually
involved during the hydro-
lysis of a peptide bond.
The left<hand side of the
figure shows the water
molecule which will supply
the oxygen (ionized to
neutral pH) and the mole-
cule (whose nature is not
precisely determined) which
will supply the hydrogen.
The righit-hand side of the
filgure shows the peptide
chain with individual
representation of the N
and C atoms whose bond

wlll be broken and an atom
G belonging to a lateral
chain. This atom, initi-
ally located between two
atoms: (here, O and C),
obstructing their move-
ment toward each other by
its physical presence alone,
must be removed
mechanically.

~glven moment,

or formed once and for all at a

' However, there is
nothing to indicate that all these
operations: must occur simultaneously,
as our diagram would imply, nor

that they would occur under the

same conditions, that is, without
passing through one or several

intermediate steps.

For purposes of simplification,
it will be assumed that the ioniza-
tion of carboxyl and amide groups,
which, under physiological don-
ditions, that is, at neutral pH,
occur in the forms COO~ and NH3+,
occursin a final step after cleavage
of the former covalent bonds and
the formation of new bonds. These
ionization processes will not be
taken into conslideration here.

Analysis of the mechanisms of
chemical reactlons has shown that
the existence of intermediate steps
between the initial and final
steps can seldom be detected, and
thus that many reactions:should be
considered to include several

successive steps.

In the case of an enzymatic reaction, we are obliged to

assume in all cases that the catalyzed reaction includes at least

one more step than the same reaction without catalysis:

16
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of an initial substrate on the enzyme; and probably two steps
which are more or less indepéndent of the fixation: ef the two sub-
strates. The result of this rixation is a modification of the
conditions under which the rest of the reaction occurs. Apparent-
1y there are only two modes of intervention for an enzyme ;

a) During fixation of the enzyme on the substrate, charges
are drawn to the immediate vicinity of the atoms involved in the
reactions and placed in such a way that they weaken certailn bonds
or decrease the repulsion between atoms, facilitating subsequent
interpretation of their electron clouds. Reconstitution of the
electron clouds may additionally result from the direct fixation,
by a weak bond and without cleavage of an exlsting bond, of a
new atom on one of the atoms which subsequently will be bonded to
an atom in the other substrate.

The work which must be performed to bring these charges into ggg
the vicinity of the atoms will be exaetly equal to that which will
be saved subsequently, but the energy will have been supplied in
two steps. At each step the amount of energy which the molecules
must acquire will be smaller, and due to the exponential decrease
in the number of molecules as a function of theilr energy level,
the proportion of molecules capable of passing through each of the
steps wlll increase considerably.

b) Cleavage of the bond existing in the initial molecule
between one of 1ts atoms, A, involved in the reaction, and an
atom S (Fig. 5) and the concomitant formation of a bond between
this atom A and an atom E which will play an intermediate role
requires less activation energy than when this cleavage is accom-
panied by the direct formation of a bond between A and an atom P
when this bond must be obtained definitively. The reason for this
lower value is that the attractlon between atom A and atom E is
more powerful than that between A and P, for gxample, because E
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(or an atom in its vicinity) carries a sultable charge which P
does not have, In other words, the approach of molecule P with
a given energy level 4nitially will not be able to overcome the
attraction between atom A and atom S of the molecule to which it
belongs unless the energy of vibration of the two atoms 4 and 3
represented by the Morse curve 1n Fig. 2 has reached level Wy
On the other hand, the approach of atom E with the same energy of
translation may be able to produce this cleavage when atoms A and
S are only at level Wo, since the formation of the more powerful
bond between A and E will make it possible to furnish the corres-
ponding work Aw = Wi = Wy Due to the stronger attractlon between
A and E, the basic energy level (at the experimental temperature)
of bond A~E is lower, by a quantity exactly equal to Aw, than if
this work had not been accomplished. In a subsequent step, P
should replace E to yield the final product. Then in order to
bring all the atoms involved into the transition state in which
atom A 1s in equilibrium with atom E and atom P, weakening of the
bond between A and E will require work, one part of which will
compensate for the work saved, Aw, and will be at least equal to
this work according to the best hypothesis. There.wlll have heen
no economy of activation energy; the opposite may actually be true,
since the substitution of P
for E will again require a

@ % l level of activation energy
(SHA) =~ @ ' @ .‘ which will generally be
OB o Pap @

® @

Fig. 5. Formation of a tem- steps.

porary bond between an atom

pelongling to the substrate and

an Intermediate molecule There thus appeans to
{(an enzyme) which may facili-
tate its passage to a
recegtor molecule P (see activation energy required
text).

! greater than Aw. However, the
*:)! total energy will have been
supplied in at least two

be no means of dlminishing the

to overcome electrostatic

interactions.
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Mechanical Work Which May Be Avolded

Such is not the case 1n attempting to remove another type of
obstacle: the steric hindrance of the molecules. It may happen
that atoms not involved in the reaction prevent 1t from occurring
by being located between atoms which are to be bonded (atom G
in Fig. 4) or by maintalning contact between atoms which should
separate. Thus these atoms must be removed from the positions
they initially occupy. The work necessary for this displacement
may depend on the "path" which will be followed to the extent that
this work is pureiy mechanical. In this type of case 1t fre-
quently occurs that two extremely dissimilar processes leading to
the same result have very different demands for free energy. A
simple example 1s that of certain types of puzzles conslsting of
metal rings and rods intertwined in such a way that i1t does not
appear possible to remove one element, a ring, for example,
without breaking or at least deforming the puzzle, while in
reality. the ring may be removed without applying any force if a
series of maneuvers are performed. in which cerfain rods are
passed through one or several rings in a predetermined order.

In other words, the process of separation would consist in fur-
nishing the high amount of energy necessary to deform the ring,
while it is possible to obtain the same result with a much lower
energy input, "using another path," with the expenditure of
organization work which, 1t is true, presuppocses a decrease in the
entropy of the system. However, this entropy variatlion may be
slight 1f the system is well designed. Much more common examples
from day-to-day experience might be cited: less energy is required
to turn a key 1n a loeck than to break dewn a door.

It 1s possible to aveld expending any work 1n cases of this /2
sort, since the process does not involve bringing the molecules
to a higher energy level, but only eliminating mechanical resls-

tance and not overcoming it. According to the laws of
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thermodynamics, in the filrst eventuallty energy must necessarily
be supplied to the system, while in the second case it will
theoretically be possible to proceed without any expenditure of
free energy under conditions of reversibility.

It may easily be conceived that one of the modes of Inter-
vention of an enzyme consists in eliminating steric obstacles by
bringing about appropriate relative displacements of the ob-
structing atoms analogous to those made in solving the ring and
bar puzzle. Its action in turning away the obstructing atoms
consists 1n guiding the movement:.of.these atoms along a "path,”
requiring virtually no work. The possibility that a reaction may
he facilitated by this type of intervention is undeniable, given
that the obstacles presented by certain atoms are purely mechani-
cal. This 1s due to the fact that an cbstacle has a preferred
direction in which it is able to move with a low expenditure of
energy only when it 1s ncot kept in place by electrostatic inter-
actlon. It is not possible to aveld the work necessary to overcome
gravitational interactions, but Interactions of this type are
negligible in the problems belng considered here.

In practice, atoms between which the bonds to be broken in
a given molecule are located, or atoms to which new groups of
atoms must be bonded, are always located at the surface of the
molecule or in a pocket accessible to the groups of atoms which
are to reacti Even when access to this pocket is not com- -
pletely free,it seems unlikely that the removal of atoms which
hinder the reaction only by thelr physical presence could require
more than a few hundred calories of energy, that is, a quantity of
energy which is negligible in comparison to that necessary to
overcome electrostatic interactions,
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Effect of Fractioning the Demand for Activation Energy

The intervention of a puzzle type mechanism 1s not adequate
to explain how an enzyme can weaken bonds between atoms or en-
courage the interpenetration of electron.clouds...

It is impossible to diminish the sum total of energy to be
supplied, except in regard to the small fraction of energy used
to remove mechanical obstacles. It thus appears that in any
case, it is necessary to supply the molecules which are to react
with a minimum of appreciably the same quantity of energy as that
which would be necessary if the reaction were occurring in the

absence of a catalyst.

For a single level of thermal energy fluctuations, the
presence of an additional type of molecule could well furnish
additional energy to the reacting molecules, but the establishment
of additicnal interactions with these molecules will generally
require actlvation energy. Thus it is not possible generally to
exclude the idea that the action of an enzyme will decrease the
energy of "activation" which must be supplied to the whole from
one moment to the next. What, K next must be considered are the

conditicens under which this energy may be furnished.

We have observed that, even in the absence of an engyme, the
hydrolysis reaction is a complex reaction; it 1s necessarily all
the more so since, as is the case when 1t 1s catalyzed by an
enzyme, the hydrogen atom is surrendered to the nitrogen atom by
a molecule which serves as~an intermediary. Some parts of the
reaction may occur simultanecusly, while others may or must be
preceded by a preparatory step; in addition, all the molecules or
groups of atoms involved must have a favorable configuration.

The basic role of an enzyme must be to assure satisfactory
coordination of all the partial operations. This coordination
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must  partly consist 1n effecting a satisfactory spatial arrange-
ment of the molecules, but, more imporftantly, it should permit
fragmentation of the activation energy supplied.

It is obvicus that the fractioning of a reaction among
defined substances considerably accelerates its rate due to the
exponential decrease in the number of molecules as a function of
their energy level. However, when one modifies the 1nitial
conditions by introducing into the medium an enzyme which parti-
cipates 1In the reaction, the concentraticncof this enzyme becomes
a factor in the expression for the rate of the reaction. As a
result, due to the enzyme concentrations, whiech, under experi-
mental conditions in which the rate may conveniently be measured,
are on the order of 10_7 M or even less, the rate of the reaction
will actually be increased only if the slowest step requires an
amount of activation energy which 1ls at least approximately
10 keal less than that required for the uncatalyzed reaction
(cf. table: above).

It should be noted, however, that one may not simply assume
that the overall rate of the reaction is limited by the steps
requiring the highest free energy of activation, since’the rate of
each step is simultanecusly a function of the corresponding activa-
tion energy and the concentration of the reacting substances.

Now, for a given concentration of initial substances, the concen-
tration iIn any intermediate stage depends on the rate of the
previous steps leading to the present state. The apparent overall
rate of the sum total of reacticns, measured on the basis of the
rate of disappearance of one of the initial products or the rate
of appearance of the flnal products, thus necessarily depends 1n
complex fashion on the activation energies required by all the
steps.

It is impossible to set up a general rule, but it is

interesting to consider examples for activatlion energy values
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‘” whose order of magnitude is that
requiréd for steps which

U B could be revealed in reactions
AGE 35k catalyzed by enzymes at normal con-

centrations. A comparison will thus

S A '

Ag'5hm be made of the rates of a single

hydrolysis reaction, depending on

V, % 4-16°(S) m/set whether it ocecurs unaided in one

- step, or in the presence of an
Fig. 6. Crossing of a .
single activation enthalpy enzyme 1n two or three steps, using

barrier, an identical level of total activa-
tion energy, since we have seen that
oneccannot expect to decrease the minimum work regquired to over-
come the electrostatic interactions which inaa general view.con-
stitute the largest part of the reaction. It will be assumed that
the hydrolysié is exergonic and corresponds to a negative variation
in standard free enthalpy, AGg. It will also be assumed that it
has been possible to obtain conditions such that the concentra-
tions (S) of the initial form and (P) of the final form remain
constant. The reaction occurs under stationary conditions. Its

rate is constant.

We will first calculate the rate of the reaction in the
absence of a catalyst, assuming that in this.case it will occur
in a single step:

The rate of the reaction as afunction of the concentration is

JR _d...l;..-_.-.__ .
v1=_ hgi_S_L:mS._)_ =k* 5y — k_ (P, |

dt dt
or, as a function of the free enthalpies of activation,
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Av;;=%;[e—ﬂGf/RT{S)h;e—ﬁGE/RTGq]|

A comparlson of this theoretical equation wilth the equations
which will be obtained subsequently would furnish no usable
information, since the ratio of the rates in one or several steps

depends heavily on the numerical values of the activation energles.

Arbjtrary values will thus be used, assuming that we have here
A Gy = 30 keal and AG% = 35 keal, and thus AGy = -5 kcal (Filg. 6)
according to the table given above; thus:

kT
ooy ==-i:-[740ﬂ3(5)__ 1,4.10°25 (P)],

If the concentration of P is on the same order as that of 8,
the second term in brackets is negligible in comparison to the
first on an initial approximation. At 20°C the rate of the
hydrolysis is thus

v, ™ 574012 x 710728 (S) = 4.10°8 (S). |

With substrate concentrations of less than 10_3 M, commonly
used in.vitro, the rate of such a reaction would be virtually

Zero.

When the reactlon is catalyzed by an enzyme it occurs 1in at
least two steps. Assuming the conditions fto be those of the
simplest case, the dlagram for the reaction is

!> Es —> P + E|
k.

-1 T i

Slnce we have assumed the system to be stationary, the
ES complex concentration 1s constant, making it possible to write
the rate of the reaction as:
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K ko (E)(S) — kK (E)(P)

V')-'_'-
E2 k; + ko

where (E) 1s the free enzyme concentration.

If the sum of activation energies is the same as 1in the un-

+
catalyzed, single-step reaction -- AGl +4AG2 = AGI -- the rate

may be written in the form

V,(E) . o

e—AGL/RT . o-aGi/RT |

Vigg =

It should be noted that the numerator is equal to the rate of
the single-step reaction multiplied by (E}, and that the
denominator includes only the activation energies corresponding
to the disappearance of the intermediate complex.

The denominator decreases as AG i and AG i lncrease, that 1is

1 2 s s
as the intermedlate complex remains stable. In practice, the
denominator is always much less than 1, since at ordinary

—AGi/RT i

temperatures e becomes less than 0.5 once AGT is slightly

higher than 400 cal.

The free enzyme concentration (E) is linked to the total
enzyme concentration (E)¢ by the equation

AGH AGH: g
®, ,.e RT (S +e RT (P
B AGj AG} |

e RT + e RT

It should be noted that this ratio is independent of the
total enzyme concentration,
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It is not possible to set up a general rule making 1t pos-
sible to predict the ratio of the rate of the reaction as it
occurs in two steps. to its rate 1f it were to occur 1n one step,
but it is possible to concelve of a few speclfic cases, which
will give some idea of the possible results of a change from a

one-step reaction to a two-step reaection.

Let us first consider the ideal simple case in which the
reaction breaks down into two identical steps requiring the same

free activation energy.

If AGY = AGY = 15 Keal ;
and A6 = AG, = 175 Keal (fig. 7).

vge ™~ vy (B} X 1,2 X 101, |

It may easily be calculated that for a substrate concentra-
tion on the order of 10_3 M, the free enzyme concentration will
differ by only one thousandth of the total concentration.

With an enzyme concentration (E), on the order of 1077 M,

one would have

Ve I vy X 104 t

The assumption of two sféeps requiring appreclably the same
activation energy is not very likely in reality 1n the case of an
enzymatic reaction in which the initial step is the-fixation of
the enzyme on the substrate. If we therefore assume that .
AGl is much sma}ler than AGZ , assuming, for example,+that AG1+ =
= 4 keal and AGyt = 26 keal, with AGE1‘= 7 kecal ang AGtE = 28 keal

(Fig. 8), the result is
Y ~ v, (B) 15105
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AGH+ AGE = 30 kea | 1in other woprds, the rate of the
reaction wlll be slowed if there

energy of the slowest step and the

V=V, (E)1,2.10"

Fig. 7. Crossing of two
successlive actlvation
erithalpy barriers of the
same height, whose sum 1s
equal to the height of the
barrier given in Fig. 6.

requiring the highest amount of
activation energy, this step may
not actually be considered the sole limiting factor,

Although the order of magni-

I concentraticon.
; predicted for such a small dif-

ference between the activation

is not an extremely heavy enzyme

This is- as we

activation energy of the reaction
oceurring in a single step.

tude of the rate of the reaction
basitcally depends on the step-

easily be calculated that with the last values adopted, the

existence of an initial step reduces the rate to 1/30th of that
which would be calculated on the basls of only a single step

requiring 26 keal.

An enzymatic reaction definifely always occurs in more than

two steps. Let us consider the case

reaction would occur in three steps,

k{" . ',
$ + E &—> ES; &=
k, k.,

The expression for the rate of the reaction under stationary

conditions may easily be calculated.

AGgi this expression 1s written

in which ocur hydrolytie

following the dilagram

ES,

If the sum of the activation
energies for each of the steps is equal to the activation..energy
of the reaction occurring in a single step, AGi¢

k,

<_"’.'.P—|-E!

-8

+ AG2

It may

+ AG

/32



J v, (E)

Vﬂsmf e - + . - . o + -
. AGY + AG3H aGi + AG: AG; + AG;

e RT. + € RT + e RT

As in the case of the reaction occurring in two steps, the
numerator: of the expression for the rate is equal to the rate of
the reaction occurring in a single step multiplied by the free
enzyme concentration. The dencminator contains thecractivation
energies for the reaetion involving the disappearance of the
intermediate products.

The free enzyme concentration (E) is linked to the total
enzyme concentration (E)¢ by the equation

AGY + AGL . AGL + AGEY - AG] + AG]
(S){e  RT + e RT + e RT . | _
, - ‘ AGL + AGE  AGL + aGh _AGY + AGH
(), : + (Mie RT + e RT . + e RT . |
= 1 + ] +- + . - * - -
E - © AGY + AGE AGH + AGF  AGL + aGj

e RT + e RT + e RT

It would be posslble to accelerate or slow the rate of the
reaction depending on the values of the different activation
energles.

It would be possible to compute the rate of the reaction for
three ldentical steps, but our knowledge of the steps of an
enzymatle reaction seems rather to indicate that one must first
have an initial step requiring a moderate amount of activation
energy, followed by at least two principal steps requiring a
higher amount of energy [6, 7]. The steps are probably still
more numerous, but very little is known abouE them., We will limit
ourselves Eo three, arbitrarily issuming AG1+ = 4 kcal and .

AG2i =,AG3+ = 13 kcal, with AG_+ = 7 kcal and AG_Q; ;_AG*3+ =

14 keal (Fig. 9). In this case the denomlnator 1s appreciably
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equal to approximately 2{1@515. The rate of the reaction oc-
curring in three steps 1is equal to the rate of the reaction

occurring in a single step multiplled by 2-101,u (E).

+
Given the values of AGY, the ratio .of the total enzyme con-
centration to the free enzyme concentration is in practice

reduced to

(E), !
=%~ 1 4 3102 (S .
® 1t sy

For a substrate concentration on the order of 10—3, it 1=
8€ill possible to confuse the free enzyme concentration with the
total concentration on a first analysis. With an enzyme con-
centration on the order of 10_7 M, the rate of the enzymatic
reaction would be 10 million tilmes faster than that of the one-
step reactlon without catalyst.

Additional steps could be added, and one would find that it
is possible to obtain still further acceleration ©f the overall
reactlion on the condition that fthe activation energy required by
each step be at least 10 kcal lower than the activation energy
for the reaction in the absence of an enzyme.

The possibility of parallel steps should also be considered:
for example, the quasi-simultanecus weakening of two bonds
belonging to twe groups of atoms which in practice are still
independent of each other; only the slower process will be the

rate-determining step.

Conclusion

A reaction catalyzed by an enzyme 1s always a complex pro-
cess, &s has been noted from the beginning. In an attempt to
analyze this process, partial reactions may be distinguished
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arbitrarily. These are successive steps, each of which is charac-
terized by a marking phenomenon, the fixation of molecules on

each other, the weakening and cleavage of a bond, or the inter-
penetraticon of electron clouds feollowed by the establishment of

a bond. In reality, any reconstruction of the distribution of
electrons in the proximity of an atom affects the distribution
around all the neighboring atoms.

It is almost certain that the more or less stable inter- - /33
mediate steps which may be deftected in reactions catalyzed by an
enzyme are not the same as those through which the molecules pass
very quickly in the absence of an enzyme: mere engagemehnt of .the
enzyme molecule In the reaction necessarily changes the manner in
which it occurs. Thus the interventlon of an enzyme definitely
results In a change of the "path'" followed by the reaction. How-
ever, using this new path, attractions or repulsions which would
exist in any case must be definitively overcome, and the sum of
the activation energies which must necessarily be furnished to
the total reaction may be much less than that necessary for the
uncatalyzed reaction. Tallying the energy. required for
the process followed due to the intervention of an enzyme, one
finds that at least the same amount of "activation" energy must be
supplled to the total reacticon as in the reaction occurring in the
absence of a catalyst and in a single step, since in the final
analysis, the same electrostatic interactions must be overcome,
making use of the formation of the same bonds. In fact, the
same result will be obtained by passing through intermediate
states which require the cleavage or formation of additional bonds.
The sum of the activation energy to be suppliled to the total
reaction may perhaps be greatér, but part of this energy may be
furnished by a coupled intermediate reaction, and especially, the
bonds will be reconst.ltuted one after ahnother. . Now, appropriate
fractloning of the energy input considerably increases the rate of
the Teactlion as a whole due to the exponential decrease in the
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number of molecules as a function of their level of thermal ..
agitation.

- : It thus appears that the basic
AG]+8G; = 30 xen ' function of the enzyme must be to
assure the breakdown of the
reaction into a succession of steps,
. possibly in the first stage due to

' the fixation of the substrates on

the enzyme, one after another, and

probably especlally due to a gradual

transformation of the enzyme-
' 5
Ve =V, (E} 1,5:10 " substrate complex successively

- - involving various atoms or groups
Fig. 8. Crossing of two

successive activation of atoms, any reconstruction of a

enthalpy barriers of dif- local electron distribution having

ferent theights whose sum . ]

is equal to the heights of an influence on neighboring atoms.

;?e bgrrier given in Consistent support for this manner
g. 6.

of interpreting the mode of action
_ 6f enzymes may be obtalned from an
8GH+ AGE+ A6} =30 ke ' analysis of X-ray diffraction to
' determine how the pseudo-substrates
come to be attached to the
crystallized enzyme and the resultant

movements of the lateral chains of

" the enzyme, In the case of
Ve = V, (E)2-10 % .
lysozyme [10] and carboxypeptidase
- . - [11], for example.
Fig. 9. Crossing of two
successive activation en-

thalpy barriers of unequal It has thus been found that

height whose sum is equal

to the height of the barrier the statement that an enzyme lowers

given in Fig. 6, the energy barrier of the reaction
is a teotally inaccurate representa-

tion of the process involved, The only definite finding is that
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an increase’ in the rate of the reaction may be observed which is
characterized by the rate of disappearance of a substance which
was initially present or the appearance of one of the final pro-
ducts. Thus if one finds that the overall ' rate of the reaction
is proportional to the concentratlon of reacting substances, that
is, if it i1s in the form v = ~k(A) (B), the coefficienti of
proportionality k appears as a rate constant, but this constant
is complex: it 1s an implicit function of the rate constants of
several partial reactions playing different roles in the reaction
as a whole. A succession of reactions cannot be assimilated by a

~

single reaction occurring according to the elementary process to
which the theory of absolute rates (and even the Arrhenius
theory) may be applied. In all cases in which several phases
may be distinguished in a reaction, the free enthalpy of activa-
tion which 1s calculated on the basis of the complex experimental
rate constants (assuming that the rate of the reverse reaction

is negligible) 1s only an apparent energy of activation. It does
not correspond to any precise phenomenon, and it is impossible to
interpret in physical terms the difference between this enthalpy
of activation and that of a single-step reaction which would yield
the same final product from.the same initial reactants. Specifical-
ly, £to state that the enzyme lowers the activation energy barrier
is thus only an obscure and incorrect way of saying that the

rate of the reaction is increased. Although it offers an 1image,
thls expression does not translate any phenomenon and provides

no initial basis of explanation. It 1s impossible to speak of

the activation energy necessary to cross the energy barrier, since
one knows that catalysis is a complex phenomenon and that the
catalyzed reaction includes at least two steps (formation of the
molecule~catalyst complex and transformation of the molecule),

and usually a very large number of steps. In the enzymatie
reactions which have been studied, it was possible to reveal the
existence of several intermediate compounds.
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The basic role of the enzyme.:is to coordinate the sequence
of events in such a way that the activation energy may be supplied
little by little, in "small®' quantities. This coordinating
function depends on the ability of the enzyme to fix the sub-
Strates in relative positions which will be favorable for
complementarity. This complementarity depends on a geometrical
arrangement of the electron clouds of certain specific atoms.
Mere fixation of a substrate on an enzyme, which would occur by
van der Waals attraction, changes the arrangement of the electron
in the substrate and the enzyme and makes it possible for a second
step to occur. Any distinction between the site of fixation and
the active site is artificlal, although it may be useful in an
analysis of the complete process. In addition, it does not appear
very!likely that there are distinct and clearly separated steps.
The interactions between electrons and atoms develop gradually,
and:.at the very most, there must be quasi-stationary phases

during which the changes in configuration are slow.
There is no mystery in the catalytic capability of enzymes,

although there is still much work to be done before all the
detalls of their modes of action are Known.

I would like to thank Mr.R. Wurmser, Miss S. Guinand,
Mr. J. Garnier and Mr. P. Dessen for their criticism and suggestions.
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